The resonance Raman spectra of water-soluble porphyrins, M(TMpy-P4)(M = Cu(II), Ni(II) and Co(III)) and their mixtures with poly(dG-dC)2, poly(dA-dT)2 and calf thymus and salmon DNAs were measured using a divided rotating cell to determine the magnitudes of frequency shift and intensity variation resulting from M(TMpy-P4)-nu ¶leic acid interactions. Bands II(CR-H bending, -1100 cm ) and VIII(CR-CR stretch, -1570 cm 4 show a large and small upward shift, r spgctively, when Cu(TMpy-P4) and Ni(TMpy-P4) are intercalated at the G-C sites. In contrast, these bands show a small upward and downward shift, respectively, when Co(TMpy-P4) is groove-:ound at the A-T si es of nucleic acids. Both Bands V (-1260 cm ) and IX(-1646 cm ) which originate in the N-methylpyridyl group always show small downward shifts due to coulombic interaction between the N-CH3 group of TMpy-P4 and the P02 group of the nucleic acid.
INTRODUCTION
Nucleic acids interact with a variety of compounds including simple metal ions, metal complexes, antibiotics, carcinogens and biological stains. Extensive studies in the past decades have shown that basically three modes of interactions are involved in these interactions: intercalationi, groove binding2 and covalent bonding3 and that these are often reinforced by hydrogen bonding and/or coulombic interaction. The nature of drug-nucleic acid interactions has been studied extensively with a variety of physico-chemical techniques. These include x-ray crystallography, NMR, ESR, RR(resonance Raman)and IR spectroscopy. Among these, x-ray crystallography provides the most definitive and precise structural information. Unfortunately, its application is limited by the difficulties in growing single crystals of large drug-nucleic acid complexes. Recently, RR spectroscopy has been used extensively to study the structure and bonding of large biological molecules such as heme proteins4 and nucleic acids5. In contrast to x-ray analysis, this technique is applicable to aqueous solutions under biological conditions. Furthermore, it has two distinct advantages over normal Raman spectroscopy: (1) It is possible to resonanceenhance chromophore(drug and nucleic acid) vibrations separately by tuning the laser wavelength to that of the electronic transition of each chromophore. under resonance conditions. The purpose of our research is to exploit these advantages of RR spectroscopy for the study of porphyrin-nucleic acid interactions.
In 1979, Fiel et al.6 first demonstrated that the watersoluble porphyrin, H2(TMpy-P4)( Fig.1) , is intercalated between base-pairs of DNA. Since then, the interaction of H2(TMpy-P4) and its metal derivatives with nucleic acids has been studied extensively by using gel electrophoresis7,CD8, 9 10 electronic10, fluorescencell, ESR12, NMR spectroscopy13, and very recently by measuring linear dichroism spectra of H2(TMpy-P4) and its Zn derivative complexed to DNA in a flow gradient.14 All these studies show that H2(TMpy-P4) and its Cu(II) and Ni(II) derivatives with no axial ligands intercalate at the G-C sites whereas the Zn(II), Co(III), Fe(III) and ivin(III) derivatives with axial water coordination form "outside-bound" or "groove-bound" complexes at the A-T regions of DNA10'15. (Table I) Results and Discussion Effect of Intercalation on RR Spectra of M(TMpy-P4)
As stated earlier, Cu(TMpy-P4) and Ni(TMpy-P4) are known to intercalate at the G-C sites of nucleic acids. In the latter, intercalation proceeds by losing two axial ligands(H20) which are present in the free state(vide infra). In order to search for marker bands for intercalation, we have compared the RR spectra of M(TMpy-P4)(M = Cu(II) and Ni(II)) and their mixtures with poly(dG-dC)2 and DNA in buffer solution. In all these experiments, the concentration of the porphyrin was the same for the reference (M(TMpy-P4)) and the sample (M(TMpy-P4) + nucleic acid) solutions. When Ni(TMpy-P4) is intercalated to poly(dG-dC)2, the Soret band is shifted from 420 (four-coordinate) to 434 nm(intercalated, four-coordinate). We, therefore, compared the RR spectrum of Ni(TMpy-P4)(406.7 nm excitation, Fig. 3A) with that of Ni(TMpy-P4) -poly(dG-dC)2(441.6 nm excitation, Fig. 3B ).
The observed shifts of the six marker bands are listed in Table  I Figure 4 compares the RR spectrum of Ni(TMpy-P4)(four-coordinate, trace A) with that of Ni(TMpy- The G-C contents of calf thymus and salmon sperm DNAs are about 41%. The RR spectra of M(TMpy-P4)(M = Cu(II) and Ni(II)) mixed with these native nucleic acids (R = 30) may be approximated as a superposition of those of M(TMpy-P4)-poly(dG-dC)2 and M(TMpy-P4)-poly(dA-dT)2 discussed above. Among the six bands listed in Table I , Bands II, V, VI and VIII exhibit much larger shifts for poly(dG-dC)2 than for poly(dA-dT)2. As a result, the shift patterns observed for M(TMpy-P4)-DNA resemble those of M(TMpy-P4)-poly(dG-dC)2. In particular, the shift of Band II of Ni(TMpy-P4)-DNA is close to that of Ni(TMpy-P4)-poly(dG-dC)2 and markedly different from that of Ni(TMpy-P4)-poly(dA-dT)2. This result suggests that Ni(TMpy-P4) has a stronger GC selectivity than Cu(TMpy-P4)10.
Effect of Groove Binding on RR Spectra of Co(TMpy-P4) As shown by Pasternack et al.10, the Zn(II), Co(III), Fe(III) and Mn(III) complexes of H2(TMpy-P4) form groovebound(or outside bound) complexes with nucleic acids. We have chosen the Co(III) porphyrin as the representative for our RR studies since the Zn(II) complex causes strong fluorescence background when irradiated by laser beam and since both Fe(III) and Mn(III) complexes involve pH-dependent equilibria. The Soret band of Co(TMpy-P4) at 434 nm shows no shift when mixed with poly(dG-dC)2 and a small red shift(5 nm) when reacted with poly(dA-dT)2. Thus, all RR spectra were obtained by using 441.6 nm excitation. Figure 5 shows the RR spectra of Co(TMpy-P4) mixed with poly(dA-dT)2. Table I lists Similar,shift patterns are seen for Co(TMpy-P4) mixed with calf thymus DNA (Table I) . Thus, we conclude that Co(TMpy-P4) is groove-bound preferentially at the A-T sites of DNA. For Co(TMpy-P4)-poly(dG-dC)2 and Cu(TMpy-P4)-poly (dA-dT)2, the shift patterns (Table I) In the case of Raman hypochromism, the degree of hypo/hyper-chromicity depends upon the wavelength of the laser beam used for excitation and the vibrational frequency of a particular normal mode. For example, Band II(-1100 cm 1) is hypochromic with excitation above -490 nm and below 440 nm whereas it is hyperchromic with excitation between these two regions. As is seen in Fig. 6 , these threshold wavelengths are also varied slightly depending upon the vibrational frequency. Thus, Raman hypochromicity must be used with caution in determining whether a drug or porphyrin is intercalated between base pairs of nucleic acids. Distinction of Intercalation and Groove-Binding
As summarized in Table I As stated earlier, Band II of Ni(TMpy-P4)-poly(dA-dT)2 consists of two components at 1102 and -1118 cm 1. The former band has been attributed to the groove-bound complex. However, the origin of the latter band is not certain. The observed large shift of this band (-+ 17 cm 1) suggests that the species responsible for this band takes a structure which requires a large rotation of the pyr ring to the porphyrin core plane. It remains to be determined whether such a large rotation must occur in a partially intercalated structure10'25 or in a stacked aggregate along the poly(dA-dT)2 duplex8'10.
As seen in Table I 
